Vaccinia virus, the most-studied poxvirus, replicates and assembles in the cytoplasm of the infected cell. Vaccinia virus assembly and release are complex processes involving several virus forms, including the noninfectious immature virus (IV), the intracellular mature virus (IMV), the intracellular enveloped virus (IEV), the cell-associated enveloped virus (CEV), and the extracellular enveloped virus (EEV) (25, 38, 39) .
Vaccinia virus, the most-studied poxvirus, replicates and assembles in the cytoplasm of the infected cell. Vaccinia virus assembly and release are complex processes involving several virus forms, including the noninfectious immature virus (IV), the intracellular mature virus (IMV), the intracellular enveloped virus (IEV), the cell-associated enveloped virus (CEV), and the extracellular enveloped virus (EEV) (25, 38, 39) .
Fully infectious IMV particles are assembled in the cytoplasm and remain intracellular until cells are lysed. To accomplish cell-to-cell transmission, infectious virus particles must acquire an additional membrane. Thus, after IMV assembly, some IMV move from the assembly areas on microtubules and become wrapped by vesicles derived from the early endosomes (40, 42) or trans-Golgi network (36) to form IEV. Subsequently, IEV are transported to the cell surface, where the outer membrane fuses with the plasma membrane, thus generating virions which contain an extra membrane with respect to IMV. Virus particles that remain attached to the plasma membrane are termed CEV, while those released are called EEV (2) . In cell culture, enveloped virions (CEV plus EEV) are responsible for virus transmission, since mutants that form normal amounts of IMV but are blocked in enveloped virus formation are impaired in transmission (1) . Although both CEV and EEV can mediate virus transmission between cells, specific roles have been assigned to CEV and EEV in this process. CEV particles can induce the formation of actin tails that are important for efficient direct cell-to-cell spread, while EEV is responsible for long-range dissemination of virus (2, 5, 28) .
Of the virus-encoded IEV envelope proteins that have been characterized, A33 (31) , A34 (7), B5 (9, 16) , and F13 (13) are present in IEV, CEV, and EEV. In addition, proteins K2 and A56 associate with and are present in EEV (6, 37, 41) . In contrast to these EEV envelope proteins, A36 and F12 are present in IEV but absent from CEV and EEV envelopes (26, 42, 43, 50) . The functions and immunological aspects of particular protein constituents of the IEV and EEV envelopes have been the focus of much attention. Studies of viruses carrying targeted mutations showed that proteins B5 and F13 are required for efficient and complete wrapping of IMV (1, 10, 47) . Proteins A33, A34, A36, and B5 are required, either directly or indirectly, for the induction of actin tails (32, 34, 48, 49) . Formation or release of EEV from the cell surface can be increased by mutations in the A33, A34, and B5 proteins (4, 12, 17, 18) . Finally, IEV-specific proteins A36 and F12 are involved in the microtubule-mediated transport of IEV to the cell surface (30, 42, 45, 46) .
We hypothesize that protein-protein interactions between IEV envelope proteins determine their localization in the wrapping membranes and might be needed not only for IMV wrapping but also for later events, such as IEV transport, egress, and induction of actin tails. To date, a number of protein interactions have been described, including A33-B5 (29), A33-A36 (33, 49) , A34-B5 (33), A34-A36 (33), B5-F13 (27) , A36-Nck (11), and A36-Grb2 (35) , but in most cases no specific functions have been assigned to these interactions. In A34RHAg. vA34R HA was isolated from progeny virus by rounds of plaque purification on BSC-1 cells (8), during which plaques were screened for GFP fluorescence and plaque size (3). vA34R HA ⌬B5R was also constructed by transient dominant selection, using the rsGFP gene as the selectable marker. CV-1 cells were infected with vA34R HA at 0.05 PFU per cell and transfected 1 h later with pG-B5R-V5-Red2. vA34R HA ⌬B5R was isolated from progeny virus by rounds of plaque purification on CV-1 cells stably expressing B5 protein (Perdiguero and Blasco, unpublished), during which plaques were screened for GFP/ dsRed2 fluorescence. Recombinant viruses expressing A34 HA and different mutated versions of B5 protein tagged with the V5 epitope were constructed by transient dominant selection, using the rsGFP gene as the selectable marker. CV-1 cells were infected with vA34R HA ⌬B5R at 0.05 PFU per cell and transfected 1 h later with pG-V5-B5Ra to pG-V5-B5Rf. Recombinants were isolated from progeny virus by rounds of plaque purification on CV-1 cells stably expressing the B5 protein (B. Perdiguero and R. Blasco, unpublished data), during which plaques were screened for GFP/dsRed2 fluorescence.
Immunofluorescence microscopy. BHK-21 cells grown to 70% confluence on round coverslips were infected with vaccinia virus at 5 PFU per cell. At 8 h postinfection, cells were washed with phosphate-buffered saline (PBS), fixed for 15 min at room temperature with cold 4% paraformaldehyde, washed with PBS, and permeabilized by incubation for 15 min with PBS-0.1% Triton X-100. After being washed with PBS, cells were incubated for 5 min with PBS containing 0.1 M glycine and then with primary antibody diluted in PBS-20% FBS (1:100 for anti-B5, 1:400 for anti-A33, 1:50 for anti-A36, 1:50 for anti-F13, and 1:20 for anti-HA-fluorescein [Roche]) for 30 min. After being washed with PBS, cells were incubated for 30 min with secondary antibody diluted in PBS-20% FBS (1:200 for rabbit anti-mouse IgG-tetramethyl rhodamine isocyanate [TRITC] [Dako]). Some preparations were also incubated with 2 mg/ml bisbenzimide (Hoechst dye) or TRITC-phalloidin (Sigma) for 30 min at room temperature. Finally, cells were washed extensively with PBS, mounted with FluorSave reagent (Calbiochem), and observed by fluorescence microscopy.
Western blotting. Western blots of infected cell lysates were performed using BSC-1 cells grown in six-well plates and harvested at 24 h postinfection in denaturant buffer (80 mM Tris-HCl, pH 6.8, 2% sodium dodecyl sulfate [SDS], 10% glycerol, and 0.01% bromophenol blue solution, with or without 0.71 M 2-mercaptoethanol). Proteins were resolved by electrophoresis in 12% SDSpolyacrylamide gels. After SDS-polyacrylamide gel electrophoresis (PAGE), separated proteins were transferred to nitrocellulose. Membranes were incubated overnight at 4°C with primary antibody (diluted in PBS containing 0.05% Tween 20 and 1% nonfat dry milk) conjugated with horseradish peroxidase For Western blot analysis of proteins present in extracellular virus, supernatants of BHK-21-infected cells were clarified, and extracellular virus was pelleted by centrifugation in an SW-41 rotor at 18,000 rpm for 2 h. The pellet was resuspended in 300 l of denaturant buffer (80 mM Tris-HCl, pH 6.8, 2% SDS, 10% glycerol, and 0.01% bromophenol blue solution, with or without 0.71 M 2-mercaptoethanol). Western blotting was carried out as described above.
Immunoprecipitation. BSC-1 cells (7.5 ϫ 10 6 ) were infected with vaccinia virus at 5 PFU per cell. At 24 h postinfection, cells were lysed with digitonin lysis buffer (1% digitonin [Sigma], 10 mM triethanolamine, pH 7.8 [Merck] , 150 mM NaCl, 1 mM EDTA), with 10 mM phenylmethylsulfonyl fluoride (Boehringer Mannheim) as a protease inhibitor, for 30 min at 4°C. The lysed cells were scraped and spun down for 20 min at 13,000 rpm and 4°C. The supernatant was harvested and precleared by incubation with protein G-Sepharose beads (Amersham) for 1 h at 4°C in a tube rotator. After centrifugation for 1 min at 13,000 rpm and 4°C, the precleared supernatant was incubated with protein G-Sepharose beads and control IgG (300 l) or specific antibodies (5 l for anti-A33, 100 l for anti-A36, anti-B5, and anti-F13, and 1.5 g for anti-V5 [Invitrogen] and anti-HA [Sigma-Aldrich]) overnight for 1 h at 4°C while being mixed end over end in a tube rotator. After centrifugation for 1 min at 13,000 rpm and 4°C, the supernatant was removed and immunoprecipitates bound to protein G-Sepharose beads were washed extensively with lysis buffer. Finally, immunoprecipitates were resuspended in denaturant buffer, boiled for 5 min at 95°C, and resolved by SDS-PAGE. The modified A34R HA gene was inserted into the virus genome by recombination in the A34R deletion mutant. Virus recombinant vA34R HA is expected to produce a protein of 25 to 29 kDa, resulting from the fusion of A34 with the HA epitope. The correct expression of the tagged A34 HA fusion protein was confirmed by Western blot analysis of extracts of vA34R HA -infected cells, which revealed the presence of a protein with the expected electrophoretic mobility that reacted with anti-HA antibody (Fig. 1A) .
To evaluate the functionality of A34 HA , the phenotype of vA34R HA regarding virus transmission was compared with those of the parental WR virus strain and the A34-deficient virus (v⌬A34R). Reportedly, v⌬A34R produces elevated amounts of enveloped virions, albeit with reduced infectivity, but is unable to induce actin tails and has a tiny plaque phenotype (7, 24, 48) . Thus, deletion of A34R does not block virus egress but results in severe defects in virus cell-to-cell transmission. In a standard plaque assay, vA34R HA plaques were significantly larger than those of v⌬A34R, indicating that A34 HA provides A34 function. However, vA34R HA plaques were smaller than plaques formed by the WR virus strain, indicating some effect of introducing the HA epitope tag (Fig. 1B) .
Immunofluorescence of vA34R HA -infected cells with anti-HA antibody revealed a distribution of A34 HA that was similar to that of normal A34 in WR-infected cells, with a strong juxtanuclear staining and a punctate staining revealing peripheral virions (Fig. 1C) .
Since deletion of A34R completely abrogates the ability of vaccinia virus to induce actin tails (48), we also tested the function of vA34R HA in promoting actin tail formation. vA34R HA -infected cells were stained with TRITC-phalloidin and examined by fluorescence microscopy (Fig. 1C ). In contrast with v⌬A34R, vA34R HA was able to induce actin tails in infected cells, although the number of tails was smaller than that found in WR-infected cells. The above results indicate that the epitope-tagged A34 HA fusion protein can functionally replace the normal A34 protein, albeit with reduced efficiency.
Coimmunoprecipitation of A34 HA with IEV envelope proteins. We next searched for interactions between A34 and other IEV envelope proteins. Extracts of cells infected with vA34R HA were immunoprecipitated with antibodies to A33, A36, B5, and F13 and then subjected to Western blot analysis with anti-HA antibody (Fig. 2) . Both anti-A36 and anti-B5 antibodies immunoprecipitated the A34 HA protein, whereas anti-A33 and anti-F13 failed to immunoprecipitate A34 HA . This experiment confirmed a previous study (33) showing that A34 is associated with A36 and B5. Construction of vaccinia virus recombinants expressing A34 HA and mutated versions of B5. To facilitate the study of the A34-B5 interaction, a series of recombinant viruses harboring both A34 HA and mutated versions of B5 was obtained. A similar set of B5 mutations in the WR context was used in a previous study (29) . To isolate these recombinants, a B5R deletion mutant was first constructed from vA34R HA , and subsequently, mutated versions of B5 were introduced into the B5R locus. In the mutated versions, a V5 epitope was included at the N terminus of the mature B5 protein (i.e., after signal peptide removal) to assist in detection. Viruses were termed according to the domains of B5 included (see the scheme in Fig. 3A) , with R being the short consensus repeats (SCRs), homologous to complement control proteins (amino acids 20 to 236), S being the stalk region (amino acids 237 to 276), T being the transmembrane domain (amino acids 277 to 303), and C being the cytoplasmic tail (amino acids 304 to 317). Thus, virus HV-RSTC is a recombinant virus expressing HAtagged A34 and the complete V5-tagged B5 protein. Viruses lacking the cytoplasmic domain (HV-RST), the SCR domains (HV-STC), the transmembrane and cytoplasmic domains (HV-RS), or the stalk, transmembrane, and cytoplasmic domains (HV-R) were isolated. Finally, a recombinant virus (termed HV-R*STC) containing a B5 version with a proline-toserine mutation at position 189 (P189S) was constructed. The P189S mutation has been shown to enhance the release of enveloped virus into the extracellular medium and to produce a comet-shaped plaque phenotype (17) .
The plaque phenotypes of these recombinant viruses are shown in Fig. 3B . Regarding plaque size, the results are congruent with data for the same B5 mutations in the WR background (29) , considering the smaller plaque size of the parental virus (vA34R HA ). As expected, inclusion of the V5 epitope or deletion of the cytoplasmic domain of B5 had little or no effect on plaque size. Recombinant viruses HV-RS and HV-R produced small plaques, suggesting that membrane anchoring is essential for B5 function in virus transmission. Deletion of the SCR domains (HV-STC) or the P189S mutation (HV-R*STC), which confer a comet-forming phenotype to WR virus, produced small plaques with no apparent comet tail when introduced into the vA34R HA virus. At present, we do not have an explanation for this discrepancy.
Mapping the A34-B5 interaction by coimmunoprecipitation experiments. Taking advantage of the observation that the A34 HA -B5 complex can be immunoprecipitated, we sought to identify the B5 domain involved in A34 binding. Thus, extracts prepared from cells infected with recombinant viruses expressing both A34 HA and mutated forms of V5-tagged B5 protein were subjected to immunoprecipitation with anti-V5 antibody, followed by immunoblot detection with anti-HA antibody (Fig.  4) . A34 HA was immunoprecipitated from cells infected with viruses expressing the complete B5 protein (HV-RSTC) or the B5 version lacking the cytoplasmic domain (HV-RST), indicating that the cytoplasmic tail of B5 was not required for A34 binding. The soluble form of B5 (HV-RS), lacking the transmembrane and cytoplasmic domains, was also efficiently coimmunoprecipitated with A34 HA . These results indicate that the ectodomain of B5 is sufficient to mediate binding to A34, while the transmembrane and cytoplasmic domains of B5 are not necessary for the interaction.
It has been reported that specific mutations in both A34 and B5 result in enhanced release of virus into the extracellular medium and produce a comet-shaped plaque phenotype (4, 12, 17, 18, 21) . Among these, a point mutation (P189S) in the fourth SCR domain of B5 has been shown to increase EEV release. To determine if the phenotypic effect of the P189S mutation was related to a loss of the A34-B5 interaction, we performed immunoprecipitation experiments on extracts of cells infected with HV-R*STC, expressing a V5-tagged B5 protein containing the P189S mutation. From these extracts, A34 HA was efficiently coimmunoprecipitated with B5 by use of an anti-V5 antibody, indicating that the P189S mutation did not affect the A34-B5 interaction. The ectodomain of B5 comprises four SCR domains and a stalk region. Since the soluble version of B5 (version RS) was able to form a complex with A34, we tested which portion of the ectodomain was involved in the interaction. With this aim, three mutant viruses, expressing the C terminus of B5, including the stalk portion (HV-STC), the complete soluble ectodomain of B5 (HV-RS), or the four SCR domains (HV-R), were used to infect cells and perform immunoprecipitation experiments (Fig. 5) . As in previous experiments, version RS, comprising the complete B5 ectodomain, was coimmunoprecipitated with A34. Interestingly, the SCR domain region alone (version R) was also complexed with A34. These results suggest that the main interaction site between A34 and B5 lies within the SCR domain of B5. Version STC was immunoprecipitated with anti-HA antibody, albeit in smaller amounts. Also, A34 HA coimmunoprecipitated with B5 version STC by use of anti-V5 antibody. These results indicate that in addition to the interaction site in the SCR domains, the C-terminal one-third of the protein includes a second interaction site.
To further confirm that A34 and B5 interact through their extracellular portions, we coexpressed the ectodomains of both proteins. This was accomplished by coinfection with a recombinant virus expressing a soluble form of A34 tagged with a c-myc epitope and virus HV-RS or HV-R. In both cases, a complex formed between the A34 ectodomain and the B5 extracellular portion was detected by immunoprecipitation (not shown), reinforcing the idea that the SCR domains of B5 are sufficient to mediate the interaction with the extracellular portion of A34. Effect of A34R deletion on targeting of IEV envelope proteins. Vaccinia virus envelope proteins are targeted to transGolgi network vesicles or late endosomes that wrap IMV particles. The IEV thus formed are then transported from the wrapping areas to the cell periphery and subsequently released into the extracellular medium. Considering the known interactions between envelope proteins, we investigated the potential role of A34 in the incorporation of other envelope proteins into IEV particles. With that aim, we performed immunofluorescence experiments designed to detect the colocalization of envelope proteins with virions in the periphery of the cell (IEV and CEV). First, we compared the distribution of B5 in cells infected with either WR or A34-deficient viruses (Fig. 6A) . To distinguish between vesicles and viral particles, Hoechst staining was performed on the same samples. Most of the staining with anti-B5 antibody in the periphery of WR-infected cells was coincident with the DNA-containing virus particles (IEV and CEV). In contrast, anti-B5 staining in v⌬A34R-infected cells revealed an altered distribution of B5, with a more diffuse B5 signal, together with structures larger than virions that may represent vesicles. The poor colocalization of B5 with peripheral virions in v⌬A34R-infected cells indicates that A34 is required for efficient targeting of B5 to enveloped virions.
A previous report implicated B5 in the incorporation of A33 into the virus envelope (29) . Consequently, given the effect of A34 deficiency on the targeting of B5, one could expect an indirect effect of the A34 deficiency on the distribution of A33. Thus, we performed immunofluorescence with anti-A33 antibody and v⌬A34R-infected cells and compared the distribution of A33 with that found in WR-infected cells (Fig. 6B) . A33 staining was prominent in the periphery of WR-infected cells, both in DNA-containing particles and in the plasma membrane. In contrast, anti-A33 antibody did not label DNA-containing virus particles in v⌬A34R-infected cells, where most of the staining was found in the plasma membrane and was not coincident with DNA labeling. Redistribution of A33 as a consequence of A34R deletion has been reported before (33) . These results indicate that A34 deficiency has a dramatic effect on the incorporation of B5 and A33 into IEVs. We also investigated the effect of A34 deficiency on the distribution of other constituents of IEV. We performed immunofluorescence microscopy with anti-A36 or anti-F13 antibody and v⌬A34R-infected cells, together with DNA staining, to visualize virus particles (Fig. 7) . In control WR-infected cells, A36 was present in a portion of the peripheral virus particles, consistent with the previous observation that A36 is present in IEV but absent from CEV. In contrast, anti-A36 antibody produced diffuse staining in v⌬A34R-infected cells and did not label DNA-containing particles in the periphery of the cell, indicating a defect in the incorporation of A36 into IEV due to the absence of A34.
The presence of F13 in enveloped, cell-associated virus (IEV plus CEV) was also revealed by immunofluorescence. In contrast to the results obtained with B5, A33, and A36, protein F13 staining clearly labeled peripheral virions both in WR-and in v⌬A34R-infected cells, indicating that F13 was incorporated into enveloped virus in the absence of A34. These results In contrast, targeting of proteins A33, B5, and A36 to IEV is dependent on the presence of A34. Envelope proteins in v⌬A34R extracellular virus. The above results showed an abnormal distribution of envelope proteins in cells infected with the A34-deficient virus. To test whether this resulted in an enveloped virus with altered amounts of proteins in the envelopes of extracellular viruses, extracts of extracellular virus in the medium of WR-or v⌬A34R-infected cells were analyzed by Western blotting, using antibodies to different envelope components (Fig. 8) . Similar amounts of IMV proteins were present in WR and v⌬A34R extracellular virions, as revealed by a polyclonal antiserum to IMV proteins. Also, the lack of contamination from cellular membranes was consistent with the absence of A36 in extracellular virus for both WR and v⌬A34R. Interestingly, the amounts of B5 and A33 present in v⌬A34R extracellular virus were diminished with respect to those found in WR extracellular virus. In contrast, the amounts of F13 present in extracellular virus were similar for WR and v⌬A34R. A previous study (24) reported that EEV envelope proteins were present in both WR and v⌬A34R. Careful inspection shows that our analysis is in agreement with the amounts of F13 and B5 detected in v⌬A34R extracellular virus in that report (see Fig. 5 in reference 24) . Also, the relative amounts of the proteins present in extracellular virus are consistent with the immunofluorescence results obtained and confirm the idea that F13, but not A33 or B5, is incorporated in normal amounts into enveloped virus in the absence of A34.
DISCUSSION
Vaccinia virus assembly and transmission depend on several virus-encoded proteins. To date, a number of studies have focused on the role of particular proteins or their domains in specific functions carried out by the virus envelope. Of the protein constituents of the virus envelope, proteins F13 and B5 are required for IMV wrapping (1, 47) , while proteins A34 and B5 are involved in the retention of CEV on the plasma membrane (4, 12, 21) , the induction of actin tails (12, 21, 23, 48) , and the disruption of the viral membrane prior to virus entry (15, 19) .
We have characterized here the interaction between the A34 and B5 proteins and have shown that the extracellular portions of both proteins are sufficient to mediate their interaction. We have considered that in establishing the interaction, both proteins could be placed in the same or opposite membranes. Significantly, mutations in the extracellular domains of A34 and B5 produce similar comet-shaped plaque phenotypes as a result of increased release of enveloped virus from infected cells (4, 12, 21) . We have tested if these mutations prevent the formation of the A34-B5 complex. Deletion of the SCR domains in B5 (12) , which is known to increase virus release from the cell, affects the interaction, which is in agreement with the notion that CEV could be retained at the cell surface by A34-B5 interaction between the CEV membrane and the plasma membrane. However, we did not detect differences in the A34-B5 interaction when using an A34 protein containing a K151E mutation (4) that increases CEV release (not shown). Similarly, a P189S mutation in the extracellular domain of B5 9.34). Therefore, it seems likely that electrostatic interactions between the ectodomains of the two proteins contribute to their binding.
We have studied here the consequences of A34 deficiency in the distribution of other envelope proteins and, more specifically, in their presence in enveloped virus forms. The subcellular localization of different envelope proteins in infected or noninfected cells suggests that several proteins cooperate to achieve their destinations in the wrapping compartment during infection (20) . Our results reinforce this notion by showing that in the absence of A34, the B5 protein is not targeted properly to enveloped viruses. In addition, it has been shown that the distribution of B5 is modified by coexpression of F13 (14) . Interestingly, the B5 protein is known to contain signals for ER export to the Golgi complex and for plasma membrane retrieval (44) and is able to reach the Golgi complex in the absence of other virus proteins (20) . Therefore, it is likely that the roles of F13 and A34 in the localization of B5 occur at a Golgi or post-Golgi step. In particular, the function of the A34-B5 interaction might be necessary for the incorporation of B5 into the IEV membranes during virus wrapping rather than for the targeting of B5 to the wrapping compartment.
A34 deficiency also results in the anomalous distribution of A33, although no direct interaction between the two proteins has been demonstrated. Recently, we reported that the incorporation of A33 into IEV is dependent on the expression of B5 (29) . Also, Rottger et al. (33) described the redistribution of A33 as a consequence of A34R or B5R deletion. Given the effect of A34 on B5 targeting and that of B5 on A33 targeting, the effect of A34R deletion on the distribution of A33 could be mediated by B5. One possibility to explain the data available is that the three proteins form an A34-B5-A33 complex. However, the inability of us and others (33) (Fig. 2) to coimmunoprecipitate A33 and A34 argues against this hypothesis. One appealing hypothesis that needs further investigation is that B5 forms alternative complexes with either A33 or A34.
One intriguing question is how A34-deficient viruses, which seem to be affected in the distribution of multiple envelope proteins, are able to exit cells efficiently. The fact that virus wrapping, transport, and exit can occur with an altered distribution of B5 is difficult to reconcile with the fact that B5 is required for EEV formation. One possible explanation is that B5 is required in only small amounts for virus wrapping or that it can carry out its function without being massively incorporated into IEV. The possibility that decreased amounts of B5 protein may be sufficient for normal virus wrapping has been proposed before (22) . The observation that F13 is efficiently targeted to IEV and EEV in the absence of A34, leading to increased EEV release, even when B5 and A33 are recruited to EEV in smaller amounts, reinforces the idea that F13 is the main requirement for virus wrapping and egress. Our data support the idea that A34, which is not needed for IEV formation or transport, is a key factor for determining the protein composition of the virus envelope, leading to the incorporation of proteins B5 and A33.
At least part of the phenotype of the A34-deficient virus can be explained by reduced amounts of different proteins in the virus envelope. For instance, the decrease of infectivity of EEV and their inability to rupture the envelope before entry can be the direct result of a small amount of B5 in the envelope, since B5 is required for this process. Likewise, the lack of induction of actin tails caused by A34 deficiency could be the result of the altered incorporation of B5, A33, and A36 into v⌬A34R IEV. 
